Absfrocf-In this paper, robotic sensor fusion of acceleration and force measurement is considered. We discuss the problem of using accelerometers close l o the end-effedors of robotic manipulators and how it may improve the force contml performance. We introduce B new model-based observer appmaeh to sensor fusion of information fmm vmious dillerent sensors. During contact transition, accelerometers and force sensors play a very important role and it can overcome many of the difficulties of uncertain models and unknown emironments, which limit the domain of application of currents robots used without external sensory feedback. A model of the robot-grinding tool using the new sensors was obtained by system identification. A n impedance control scheme was proposed to veriry the improvement The experiments were carried out on an A B B industrial robot with open control system architedure.
I. INTKODUCTION
It is well known that for a robotic manipulator without sensors on the end-effector, the end-effector has to follow a path in its workspace without regard to any feedback other than its joints shaft encoder or resolvers. This fact imposes severe limitations on certain tasks where an interaction between the robot and the environment is needed. However, with the help of sensors, a robot can exhibit an "adaptive behavior" [2] , the robot being able to deal flexibly with changes in its environment and to execute complicated skilled tasks.
Robot manipulator contact task execution represents an important problem as many tasks exist in which the robot is required to make intentional contact with fixed objects in the robot's work environment. These tasks include grinding, deburring and drilling, to name a few.
Whereas force sensor may be used to achieve force control, force sensors may have drawbacks if used in harsh environments and their measurements complex because they reflect forces other than contact forces such as inertial forces. Furthermore, there can be large benefits combining force estimates from model based observers with force and acceleration measurements in work with heavy to& in force interaction with the environment [SI.
The problem formulation is as follows. When we want to get into contact with a surface using the end-effector of a robotic manipulator, the force sensor measures two kinds of forces: the environmental or contact force ( F ) and the inertial force produced by acceleration (id) , that is:
Usually, the task undertaken requires the control of the force F.
The main contihution of this paper is the proposition of a new fusion of force and acceleration sensors into robot systems using an observer based in a Kalman Filter which combines the mentioned sensors with the goal of obtaining a suitable environmental force estimator. We focus on a robotic manipulator at which we have coupled two sensors on the end-effector, namely: a six-DOF wrist force sensor JR3@ and one accelerometer to measure the acceleration, both are read in real time at the control level.
To verify the observer proposed, impedance control has been used [SI. It offers the possibility of controlling the dynamic relation between position of the robot tip and force exerted with the same control loop. The impedance relationship between force ( P ) and position (x) used in this paper is represented by the equation
where the positive gains Kz and Dz represent design parameters for stiffness and damping, respectively. Then, making the following impedance variable Z(s) converge to zero we can control the system [SI.
This paper is structured as follows. In Section the contact force observer is presented. In Sec. Ill, we describe the experimental setup and the sensing system. In Sec. N, modeling of the system and the sensor fusion developed 0-7803-3463-6/04/$20.00 e2004 IEEE Force ileraction in the pending 1001 mass simplified 10 design is described. Section V shows some results obtained with the simulations and the experiments. Finally, we present the discussion and the conclusions in Sections VI and Vn, respectively.
FORCE OBSERVERS
The objective of the force observer is to estimate the environmental force, that is, to separate the external forces and distal end-effector inertia forces in the measurement given by the force sensor. From The stochastic properties of the static and dynamic force estimation errors F, respectively, will be --
and
Using transfer function notation, we have
F^(s) = D&C(.SI-A i -KC)-I(E-i-KDr) + D r ] F ( s )
Whereas these force estimators are unbiased, they are sensitive to accelerometer noise and it is worthwhile to consider other force observer SmcNreS with low-pass properties.
Low-pass Force Obsemer Structures
As the unbiased force estimators are sensitive to accelerometer noise, it is worthwhile to consider other force observer shuctures with low-pass properties. In search of such observer structures, component-wise application of the observer (15) gives 
where F is the input and F is the output. 
EXPERIMENTAL SET-UP
The robot-tool system is composed of the following devices and sensors ( Fig. 2) : an ABB robot; a wrist force sensor; a compliant grinding tool--i.e., a device called Optidri\,e@ that links the robot tip and the tool offering a compliant response-and, finally, an accelerometer. Fig. 3 shows a scheme of the system. The robotic system used in this experiment was based on an ABB robot (Irh 2400) situated in the Robotics Lab at the Department of Automatic Control, Lund University.
A totally open architecture is its main characteristic, permitting the implementation and evaluation of advanced control strategies. The controller was implemented in MatlabISimulink using the Real Time Workshop of Matlab, and later compiled and linked to the Open Robot Control System [81. "he wrist sensor used was a DSP-based forceltorque sensor of six degrees of freedom from JR3. The tool used for our experiments was a grinding tool with a weight of 12 kg. The mechanical device Optidrive-in itself a linear force sensor-the purpose of which was to provide to the tool additional damping contact with the environment, was considered as a spring-damping system and provided a measure of the force exerted between its extremes. In this sense, the variable A X was indirectly measured through this force.
The accelerometer was placed on the tip of the t w l to measure its acceleration. The accelerometer and Optidrive signals were read by the robot controller in real time via an analog input.
For the environment, a vertical screen made of cardboard was used to represent the physical constraint (Fig. 4) . The situation was modelled as a regular linear spring with
The stiffness of the screen, k,i,f. was determined experimentally with a value of 5 Nlmm. The impedance was controlled in the direction perpendicular to this screen, in the x direction of the robot system. From the impedance relationship, the stationary position depend on the relation Fig. 4. a) between the environmental stiffness and the robot stiffness. If stiff robot control was to be accomplished, then x, must be chosen close to 1 , . whereas a stiff environment lead to x, being close to x, [51.
1v. MOUELlNG A N D IUENTlFlCATlON
The model used to design the impedance controller, which included the robot and the Optidrive grinding tool subsystem, was considered using only one Cartesian direction (x) of the robot which corresponds with the tool compliance (Fig. 3) . As the system was composed by the robot and the tool with the Optidrive device, it was necessary to obtain the dynamics of both subsystems. Previously, the calibration of the accelerometer and the Optidrive were done using the JR3 force sensor. For the experiment needed for the modeling of the accelerometer, the compliance of the Optidrive device was blocked. Using the acceleration estimation calculated from the robot kinematics and its position sensors, and the acceleration measured by the accelerometer, a model was estimated to finally calibrate the sensor. The model proposed was an output-error model where k is sample index, q is the forward shift operator (h = 4 ms), {q} normally distributed white noise and B ( q ) =4.0483-7.3764q-1+3.5761y-2; and the current position of the robot tip (xrJ (Fig. 3) was identified. An output-error model was calculated using the System Identification Toolbox of Matlab, the resulting model being as follows: Comparison klwcen the aceeleralion ohlainEd using 1hc mhot (solid) and thc estimated acceleration (dahcd) obtained using the accclmometm. l'hc samc input is uad for h t h si~nals.
On the other hand, the transfer function of the Optidrivetool subsystem that relates x with x, a can be written as:
where inlooi is the equivalent mass, that is, this mass includes the mass of the Optidrive, the accelerometer mass and the grinding tool In order to estimate the parmeters of G2-that is, inrool, the Optidrive stiffness k, and damping d-a least-squares approach was used. Then, considering the whole system model (i.e., robot, tool and sensors) and using (37) and The impedance control approach was chosen as the control law to verify the improvement in force control performance using the force observer designed. In this sense, a LQR controller was used to make the relation of impedance proposed in (3) goes to zero L51. The control law applied was
with c as the force gain in the impedance control, F^ the estimated environmental force, which in our case it was estimated using the force observer, x, the position reference and l, the position gain constant, L being calculated considering (39).
The in free space, a contact transition, and later, a movement in constrained space. The simulation of the experiment using the force OhServer is shown in Fig. 6 which shows how the observer avoids the inertial force at the beginning of the movement. m e experiment on the real robot is shown in Fig. 7 which depicts, at the top, the force measurement from the JR3 sensor (left) and the force observer output (right) while at the bottom, the acceleration of the tool getting in contact with the environment (left), and the observer compensation (right) are shown. The robot position during this experiment is shown in Fig. 8 . In the experimental results, it is appreciated how the observer avoids the inertial force produced when the robot starfs the movement (Fig. 7 at I = 7.8s) and also when the end-effector tip got into contact (Fig, 7 at I = 8.5s) . As the accelerometer was affected by the robot resonance (Fig. 7 (lower-left) ), it must be pointed out that with simple addition of accelerometer sensors we would have a final signal with too much noise. The solution presented in this work for tius aspect reduced this problem but the selection of the observer gains requires a trade off between the noise of the output and a fast response of our observer output. Finally, for appropriate choice of coefficients with an interesting result of this observer shown in Eq. (34).
it can be seen that for a position estimated error equal to zero, the force observer fulfills Newton's second law where F would be the contact force.
VII. CONCLUSIONS
To estimate properly the environmental force in situations where the robot works in either free and constrained space, a force observer that takes into account the external forces, the position of the tool and the acceleration measurements at the end of the tool has been developed.
The main goal of the proposed force observer was to have an environmental force estimation permitting design of force control where the inertial forces do not interfere. This fact implies the improvement of the performance of the transition stage where the robot tasks leads to a contact between the robot tool and the environment. To verify the behavior of the observer simulations and experiments with an industrial robot were done.
